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The present study investigated the electrophysiological correlates of morphological 
processing in Chinese compound word reading using a delayed repetition priming 
paradigm. Participants were asked to passively view lists of two-character compound 
words containing prime-target pairs separated by a few items. In a Whole Word 
repetition condition, the prime and target were the same real words (e.g., &M-&SE, 
manager-manager)- In a Constituent repetition condition, the prime and target were 
swapped in terms of their constituent position (e.g., ±^-^±, the former is a pseudo-word 
and the later means nurse). Two ERP components including N200 and N400 showed 
repetition effects. The N200 showed a negative shift upon repetition in the Whole Word 
condition but this effect was delayed for the Constituent condition. The N400 showed 
comparable amplitude reduction across the two priming conditions. The results reveal 
different aspects of morphological processing with an early stage associated with N200 
and a late stage with N400. There was also a possibility that the N200 effect reflect general 
cognitive processing, i.e., the detection of low-probability stimuli. 

Keywords: morphological processing, compound word, delayed repetition, morpheme, Chinese 



INTRODUCTION 

Understanding to the nature of morphological processing is crit- 
ical to the investigation of how written words are represented in 
the brain. Over the past three decades, morphological process- 
ing has been central to the study of mental lexicon (Libben and 
Jarema, 2004). One key issue about morphological processing is 
whether morphemically complex words are represented in mental 
lexicon as a whole, or by their constituent morphemes (Chen and 
Chen, 2006). In the early literature, a strong view referred to as the 
full-listing models proposed that complex words including com- 
pound words are processed as a single unit with no reference to 
its constituents (e.g., Butterworth, 1983; Bybee, 1995). However, 
much evidence has accumulated supporting a decompositional 
view where complex words are processed by access to and combi- 
nation of their constituent morpheme representations (e.g., Taft 
and Forster, 1975; Libben et al., 1999; McKinnon et al., 2003). As 
a compromise, many recent models on morphological process- 
ing combine features from both models (Caramazza et al., 1988; 
Schreuder and Baayen, 1995; Baayen et al, 1997; Isel et al, 2003). 
There is also evidence that interplays between factors such as fre- 
quency (Alegre and Gordon, 1999), morphological type (Miceli 
and Caramazza, 1988), and language background of a speaker 
(Portin et al., 2008) determine whether a multimorphemic word 
is stored and recognized as a full form or via decomposition 
during lexical-semantic processing. 

As one major way to produce morphologically com- 
plex words, compounding has been widely attested in many 
languages. It provides a unique opportunity for assessing the 
combinatorial mechanisms inherent to language production and 



comprehension (Badecker, 2007). It is particularly important for 
some languages such as Chinese where more than 70% of the 
vocabulary is made up of multiple-character compound words. 
Compared with the other two types of morphological com- 
plex words, i.e., inflectional words (e.g., depart — departing) and 
derivational words (e.g., agree- agreement), which are prevalent in 
most alphabetic languages, there has been relatively less research 
in compound word recognition. 

Morphological processing is clearly important for both 
inflectional and derivational words, especially irregular words. 
However, whether this is also the case for compound words is 
less clear, as morphemes in compound words are relatively sep- 
arable and easy to identify (Chung et al, 2010). On the one hand, 
morphological decomposition seems to offer a very effective route 
for compound word comprehension. On the other hand, com- 
pounds are sensitive to semantic drift and thus frequently show 
high degrees of semantic opacity that would thwart a routine 
morphological decomposition (Libben, 1998). 

Early evidence for morphological decomposition of com- 
pound words mainly came from behavioral studies showing 
that constituent frequencies affected lexical decision times of 
compound words (e.g., Zhang and Peng, 1992; Zhou and 
Marslen-Wilson, 1994), or from the examination of morpho- 
logical priming (Zhang and Peng, 1992; Liu and Peng, 1997). 
Nowadays, electrophysiological techniques with high temporal 
resolution have been used to investigate the neural dynamics of 
morphological processing. Due to differences in word types and 
tasks in individual studies, the evidence about the neural cor- 
relates of morphological processing is far from consistent. For 
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example, with auditory stimuli, Koester et al. (2004) found gender 
violations of initial constituents resulted in a left-anterior nega- 
tivity (LAN) for both opaque and transparent compounds, which 
was interpreted as an index of morphosyntactic decomposition. 
Vergara-Martinez et al. (2009) revealed that high-frequency first 
constituents elicited larger negativities starting in the 100-300 ms 
time window, while low-frequency second constituents elicited 
larger N400 amplitudes than high-frequency second constituents. 
Chiarelli et al. (2007) found larger LAN and N400 for compound 
than non-compound words. 

In a series of experiments using an immediate repetition 
paradigm, we found that both full (MMMM'J, plan — plan) 
and partial morphological (#■#-##, honor — nabobism) over- 
lap between two-constituent prime-target pairs (both being real 
words) elicited an enhanced N200 response and a reduced N400 
response (Zhang et al., 2012; Jia et al, 2013). Further, the N200 
enhancement effect was larger when the prime and target words 
were fully overlapped compared with partially overlapped. 

Although these results indicate that both N200 and N400 are 
modulated by morphological similarity, it is unclear whether 
they are truly the electrophysiological correlates of morpho- 
logical processing. This is because words sharing morpho- 
logical elements are usually also related in form, phonology, 
and meaning resulting in priming effect in N200 and N400. 
In addition, participants may adopt specific response strate- 
gies in the immediate repetition paradigm producing prim- 
ing effects that would otherwise be absent in normal reading 
(Bozic etal, 2007). 

To avoid these problems, the present study turned to a delayed 
repetition priming paradigm, which has been well-established to 
be a powerful tool to investigate the nature of internal stimulus 
representation (see Henson and Rugg, 2003; Schacter et al, 2007 
for reviews). In a delayed repetition task, members of a word pair 
are separated by varying numbers of intervening words, which 
reduces effects of task strategies. Previous studies using this task 
have shown that morphological effects are preserved over long 
lags, whereas semantic and form effects drop away sharply as the 
number of intervening items increases (Napps, 1989; Bentin and 
Feldman, 1990; Zwitserlood et al., 2002). More importantly, an 
implicit task was used to minimize strategic processes due to task 



demands and to probe reading processes in a more natural way 
(Vartiainen et al, 2009). 

Based on our previous studies (Zhang et al., 2012; Jia et al., 
2013), priming effects in the N200 and N400 components would 
be expected. While N400 has been extensively studied and used 
as an effective dependent variable for examining many aspect of 
language processing (for review, see Kutas and Federmeier, 201 1). 
In comparison, the functional significance of N200 is far from 
clear. The N200, also called N2 in some literature, refers to the 
second negative wave peaking between 200 and 350 ms after stim- 
ulus onset. It is suggested that the N200 elicited by visual stimuli 
should be divided into at least three subcomponents: a fronto- 
central (anterior) component related to the detection of novelty 
or mismatch from a perceptual template when the eliciting stimuli 
are attended, a second fronto-central component related to cogni- 
tive control (encompassing response inhibition, response conflict, 
and error monitoring), and one or two posterior N2s related to 
some aspects of visual attention (for review, see Folstein and Van 
Petten, 2008). The specific pattern of priming effect may help to 
reveal whether and how these N2 components are related to the 
N200 identified in our previous word recognition studies (Zhang 
etal, 2012; Jia et al, 2013). 

METHODS 
PARTICIPANTS 

Twenty college students (10 males, age range from 19 to 30 
years, mean ±SD = 23.3 ± 3.0 years) participated in this experi- 
ment with monetary compensation. All were right-handed native 
speakers of Mandarin Chinese with normal or corrected-to- 
normal vision. Their handedness scores were between 54 and 
100, which were assessed by the Edinburgh Handedness Inventory 
(Oldfield, 1971). None of them reported any neurological or 
psychiatric diseases. Informed consent was obtained in accor- 
dance with guidelines from the Institute of Psychology, Chinese 
Academy of Sciences, Beijing, China. 

STIMULI 

There were two experimental conditions both involving present- 
ing a prime-target word pair separated by several intervening 
items (Figure 1). In the Whole Word repetition condition, the 
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Whole Word Repetition 

FIGURE 1 | Illustration of the trial structure in the two repetition 
conditions. Participants viewed a list of two-character items to detect rare 
upside-down target items. (A) The Whole Word repetition condition involved 
repetition of the same compound word (i.e., HM meaning manager) across 



Constituent Repetition 

several intervening trials. (B) The Constituent repetition condition involved 
presenting a compound word first in its swapped version (i.e., ztf^ as a 
nonsense pseudo-word), followed after several intervening items by the word 
in its normal reading format (i.e., ifizh meaning nurse). 
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prime and target were the same real word. In the Constituent rep- 
etition condition, the prime and target were swapped in terms 
of their constituent position. In modern Chinese, a compound 
word is always read from left to right and swapping the charac- 
ters in position for a two-character word would usually produce 
a meaningless pseudo-word without pre-existing linguistic repre- 
sentations as a whole [except for a small set of reversible words 
as studied in Zhang et al. (2004)]. For example, after the swap, 
the word ^r/rmeaning nurse became HP which was not a real 
word anymore. Also, the pseudo-words were not homophonic to 
any real word. So, for the Constituent repetition condition, the 
prime was a pseudo-word while the target was a real word but 
they shared the same two constituents. It should be noticed that 
the pseudo-words are unfamiliar novel items and novelty may 
confound with the repetition effect in the Constituent condition. 

Character combinability was controlled across the two prim- 
ing conditions as each critical word was assigned to the Whole 
Word condition for half of the participants but to the Constitute 
condition for the other half. The chance of each character appear- 
ing in the first or second position of a compound word varies 
for different characters. However, for high frequency characters 
as used in the present study, it is mostly the case that they could 
appear in both the first and the second positions. Therefore, it is 
very hard or almost impossible for participants to make use of the 
frequency information to infer whether the word was a real word 
or not. A pseudo-word was very much like a real word except its 
specific character combination as a whole unit was not associated 
with any pre-existing linguistic representations. 

The critical stimuli contained a list of 144 two-character words 
selected from an online corpus based on a research project 
of Middle Tennessee State University (http://lingua.mtsu.edu/ 
chinese-computing/introduction.html). The mean stroke num- 
ber of the words (sum of the two characters) was 15.3 (SD = 3.9), 
and the mean word frequency was 815 occurrence per million 
(SD = 783, frequency range = 55-3476, median = 598), respec- 
tively. To reduce explicit attention to stimulus repetitions of the 
critical words, there were 144 two-character filler items including 
60 real words and 84 pseudo-words. The pseudo-words consisted 
of two Chinese characters matching the critical words in visual 
complexity (i.e., stroke number). Each pseudo-word as a whole 
unit was neither a real word nor homophonic to any real word. 
There were also 60 two-character real words serving as the tar- 
get items. All the real filler words and the target words were 
selected from the same online corpus matching the critical words 
in stimulus characteristics wherever applicable. 

PROCEDURE 

Participants were seated in a dimly lit and sound-attenuated 
room. All visual stimuli were presented on a computer monitor 
that was about 1 m away from participants' eyes. All word stim- 
uli were displayed at high contrast as black words on a white 
background, subtending visual angles of 4.3 x 2.3°. Participants 
were instructed to remain relaxed and to refrain from moving 
throughout the experiment. 

Each participant completed 6 blocks, each with 82 trials. The 
first block served as practice and was not analyzed. As shown in 
Figure 1, each trial started with a fixation at the screen center 



for a period jittered between 1700 and 1900 ms. The fixation was 
then replaced by the central presentation of a visual item that was 
turned off 800 ms later, followed immediately by the fixation of 
the next trial. The item could be a critical word, a filler or a target 
item. 

In each block, there were 12 critical words used for Whole Word 
condition, 12 for Constituent condition, 10 real filler words, 14 
filler pseudo-words, and 10 target words. The different types of 
items were pseudo-randomly intermixed with the following con- 
straints. Each critical item was presented in two trials separated 
on average by 4 intervening trials (ranging from 1 to 7 trials or 
5.1 to 20.4 s). 

Participants responded to the target items by pressing a button 
as quickly as possible with their right index finger. For non-target 
items, they should refrain from making any response. The detec- 
tion task was only to ensure attention to the critical non-target 
items for which no response was required to minimize motor- 
related contaminations on the ERPs. Such tasks have been widely 
used in alphabetic reading studies. For example, in Price et al. 
(1996) and Jamal et al. (201 1) study, participants were instructed 
to perform a non-linguistic visual feature detection task, i.e., to 
detect the presence or absence of ascenders within a stimulus. 

ELECTROENCEPHALOGRAM RECORDING AND DATA ANALYSIS 

The electroencephalogram (EEC) was recorded from the scalp 
through 64 non-polarizable Ag/AgCl sintered electrodes in a 
pre-configured cap. The position of electrodes followed the 
extended 10-20 convention. The EEC was continuously sampled 
at a rate of 1000 Hz and bandpass filtered (0.05-100 Hz) using 
the Neuroscan EEC system (NeuroScan Inc., Compumedics, 
Australia). Electrode impedance was maintained below 5k£2. In 
addition to the scalp sites, the horizontal EOG was recorded at 
the outer canthi of both eyes and the vertical EOG was recorded 
between supraorbit and suborbit of the left eye. The left mastoid 
was used as the recording reference. Reference was changed offline 
to the average of the two mastoids. 

Eye movement artifacts were removed using regression-based 
weighting coefficients (Semlitsch et al., 1986). This method sub- 
tracted a fraction of an EOG from the EEG channels on a sweep- 
by-sweep, point-by-point basis. EEG segments were abstracted 
from 150 ms before stimuli onset to 850 ms post stimuli onset. 
The 150 ms pre-stimuli period was used as the baseline. The seg- 
ments were baseline corrected and bandpass filtered (0.5-30 Hz). 
Segments with amplitude exceeding ±50 |iv in any scalp channel 
were excluded from analysis (less than 2% of trials were rejected). 
Averaged ERPs were computed separately for the first and sec- 
ond time of presentation of the critical items in the two repetition 
conditions. The filler items and the targets were not analyzed. 

RESULTS 

Data from two participants were excluded with exceedingly low 
target detection accuracy (50 and 62%). For the remaining 18 
participants, target detection was both fast and highly accurate 
with a mean response time of 561ms (SD = 42) and a mean 
accuracy of 92.8% (SD = 7.0). Mean false alarm rate was below 
1.5% for all types of non-target items with a mean of 0.5% 
(SD = 1.2). These behavioral results indicate that the included 18 
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participants followed the instructions and were attentive to the 
critical items in the detection task. The grand-average waveforms 
(based on 18 participants) for all experimental conditions are 
plotted in Figure 2 for 15 representative electrodes. Waveforms at 
two electrodes Cz and CPz are highlighted in Figure 3 for clarity. 

As shown in the figures, both repetition conditions elicited 
similar N1-P2 complexes regardless of whether the stimuli were in 
their first presentation or second presentation. A negative deflec- 
tion was elicited between 200 and 230 ms, with similar latency 
and distribution as the N200 component reported in our previ- 
ous studies (Zhang et al., 2012; Jia et al., 2013). Following the 
N200, there was a positive shift peaking around 260 ms and a 
broad negativity peaking around 400 ms (N400). 

To further characterize the 260 ms positive shift, difference 
waves for the two experimental conditions were computed by 
subtracting the mean voltage for the first presentation trials from 
those for the second presentation trials (see Figure 4). The differ- 
ence waves highlight the components of interest more clearly by 
removing variations in voltage that were common to all condi- 
tions. By visual inspection, the difference wave around the 260 ms 
period under the Constituent condition was comparable to that 
in the N200 interval under the Whole Word condition. This indi- 
cates that the 260 ms positive shift in the Constituent condition 
was likely a delayed N200 effect. 

By visual inspection, the N200 effect and the delayed N200 
effect were mainly distributed in the fronto-central region, and 
the N400 was mainly distributed in the centro-parietal region. 
Preliminary analysis did not reveal any significant effect of repe- 
tition or condition (Whole Word vs. Constituent) in the Nl and 
P2 time windows. Four-Way repeated-measures ANOVAs with 
Geisser-Greenhouse correction were conducted on the averaged 
amplitudes of the N200 and the delayed N200 effects, with experi- 
mental condition, time of presentation (first vs. second), laterality 
(midline, left hemisphere, and right hemisphere), and electrode 
position (frontal: FZ, Fl/2; fronto-central: FCZ, FC1/2; central: 



CZ, Cl/2) as factors. The same ANOVA was performed on the 
N400 component except that the electrode position was different 
(fronto-central: FCZ, FC1/2; central: CZ, Cl/2; centro-parietal: 
CPZ, CP1/2). 

The mean amplitude of N200 was computed for the 
185-235 ms time window. The main effects were significant 
for time of presentation [F^ 17) = 11.1, p < 0.01], and for 
electrode position [F(2, 34) = 5.9, p < 0.01]. The mean ampli- 
tude of N200 was significantly increased (more negative) from 
the first to the second presentation (3.2 vs. 2.7 (jlv). The 
interaction between time of presentation and condition was 
also significant [F(j_ 17) = 7.7, p < 0.05]. For the Whole Word 
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FIGURE 3 I Two electrodes from Figure 2 highlighted for clarity. 

Legends are the same as in Figure 2. 




FIGURE 2 I Grand average ERP waveforms elicited by the four types Whole Word repetition condition. Constituent-lst and Constituent-2nd 
of critical items in selected electrodes. Whole Word-lst and Whole indicate the first and second time of presentation in the Constituent 

Word-2nd indicate the first and second time of presentation in the repetition condition. 
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FIGURE 4 | Grand average difference waveforms at 15 scalp electrode sites for Whole Word (black) and Constituent (purple) conditions. Difference 
waves were computed by subtracting the mean voltage for first presentation from those for second presentation trials. 



condition, compared with the first presentation, the words' 
second presentation elicited a more negative going N200 [3.4 
vs. 2.6 (xv, f(i7) = 5.1, p < 0.001]. For the Constituent condi- 
tion, the first and second presentations elicited comparable 
N200 effects (3.0 vs. 2.9, p > 0.5). No other interaction was 
significant. 

The mean amplitude of the delayed N200 effect was computed 
from the 235 to 285 ms time window. The main effects were sig- 
nificant for time of presentation [F(i. 17) = 5.4, p < 0.05], and 
for laterality [Pp, 34) = 3.3, p < 0.05]. The waveform was more 
positive going for the first presentation than for the second pre- 
sentations (3.3 vs. 2.8 |xv), and was more positive going on the 
midline and right hemisphere than on the left hemisphere (3.1 
vs. 2.9 (jlv, 3.2 vs. 2.9 |iv). The interaction between time of pre- 
sentation and electrode position was significant [F@, 34) = 7.6, 
p < 0.01]. 

In addition, to help visualize the distribution of the repeti- 
tion effect, topographical voltage maps were constructed based 
on the mean amplitudes of difference waves measured within the 
N200 and the delayed N200 effects time windows (see Figure 5). 
A within-subject ANOVA was conducted on the mean amplitude 
of the difference waves with effect type (the N200 effect vs. the 
delayed N200 effect) and brain area (anterior, central, and centro- 
parietal) as factors. The results showed a significant interaction 
effect [_F (2 , 34) = 5.4, p < 0.01]. The delayed N200 effect showed 
a more anterior distribution [Fp, 34) = 8.0, p < 0.001], while the 
N200 effect showed no significant differences across brain regions 
(p > 0.1). 

The mean amplitude of N400 was computed from the 330 
to 450 ms time window. There were significant main effects 
for condition [F(i_ 17) = 7.8, p < 0.05], time of presentation 
[_F (1 17 ) = 18.1, p < 0.001], and electrode position [Fp, 34) = 
4.0, p < 0.05]. The N400 was less negative going in the second 
presentation than in the first presentation (0.8 vs. 0.1 u,v), and 
in the Whole Word condition than in the Constituent condition 




FIGURE 5 I Topographical maps plotted based on difference waves for: 
(A) Whole Word condition in the N200 effect time window, and (B) 
Constituent condition in the delayed N200 effect time window. 



(0.7 vs. 0.3 |iv). The amplitude reduction across the two pre- 
sentations was larger for the Constituent condition (from 0.7 
to —0.2 u,v) than for the Whole Word condition (from 0.9 to 
0.4 (jiv), although the difference was not significant as interac- 
tion between time of presentation and condition was not sig- 
nificant [F(i t 17) = 2.2, p > 0.1]. The interaction between time 
of presentation and laterality was significant [F(2, 34) = 6.2, 
p < 0.01], with the difference between first and second pre- 
sentation at the right hemisphere being smaller than that at 
the midline and left hemispheres (ps < 0.05). The interaction 
between condition and electrode position was also significant 
[F(2, 34) = 3.7, p < 0.05], with the difference between conditions 
at the fronto-central area being smaller than that at the cen- 
tral (p < 0.05) and centro-parietal area (although not significant, 
p = 0.06). 

DISCUSSION 

In the present study, we combined the recording of ERPs with 
a delayed repetition priming paradigm to investigate the neu- 
ral dynamics of morphological processing in Chinese compound 



Frontiers in Human Neuroscience 



www.frontiersin.org 



September 2013 | Volume 7 | Article 601 | 5 



Du etal. 



Morphological processing for compound words 



word reading. According to previous studies, only morphologi- 
cal priming can be preserved over long lags, whereas semantic, 
phonological, and form priming drop away sharply as the number 
of intervening items increases (Napps, 1989; Bentin and Feldman, 
1990; Zwitserlood et al., 2002). In the current study, priming 
effects over long lags were observed in two components including 
N200 and N400, suggesting their association with morphological 
processing. 

The earliest ERP response sensitive to the manipulation of 
stimulus repetition was the N200 component. In this time win- 
dow, the Whole Word condition showed an amplitude enhance- 
ment (or a negative shift) upon repetition, this effect was delayed 
for the Constituent repetition condition. In the Whole Word 
repetition condition, all word information such as morpho- 
logical, orthographic, and semantic information were repeated 
in the second presentation. In comparison, in the Constituent 
repetition condition, only the orthographic and semantic infor- 
mation of the constituent characters were repeated since the 
primes were not real words. The time difference between the 
two repetition conditions may indicate facilitated lexical pro- 
cessing at the whole word level as opposed to the constituent 
level. 

One major difference between the N200 effect in the present 
study and those electrophysiological correlates of morphological 
processing in earlier literature is the relative early latency of N200. 
In previous EEG and MEG data on Finnish, English, German, 
Spanish, and Catalan languages (Penke et al., 1997; Rodriguez- 
Fornells et al., 2001; Dominguez et al, 2004; Fiorentino and 
Poeppel, 2007; Vartiainen et al., 2009), no effect of morphol- 
ogy within the first 200 ms following word onset was found. 
The reason for lacking an early morphology effect in alphabetic 
language studies may be because their stimuli were usually inflec- 
tional or derivational words rather than compound words. There 
has been evidence that different types of morphologically com- 
plex words involve different processing mechanisms. For example, 
compound words were processed more quickly than matched 
monomorphemic words (Ji et al., 2011), whereas inflected words 
were harder to recognize than matched morphologically simple 
words (Vartiainen et al, 2009). 

Another major difference between the present N200 effect 
and the usually reported repetition effect is that the N200 
here showed repetition enhancement instead of repetition sup- 
pression. Most studies adopting the neural priming paradigms 
showed reduced neural responses upon repetition, referred 
to as neural suppression (e.g., Gauthier, 2000). Furthermore, 
repetition suppression is generally considered as an effect of 
stimulus repetition per se, occurring independent of other psy- 
chological or neurophysiological variables. In contrast, cog- 
nitive variables including stimulus recognition, learning and 
explicit memory can bias repetition effects in BOLD response 
toward enhancement instead of suppression (for review, see 
Segaert etal, 2013). 

In the electrophysiological literature, the N2 component has 
been tightly related with the brain function of cognitive con- 
trol. Studies using the oddball paradigm demonstrated that 
when targets (go) and non-targets (no-go) were presented with 



equal probabilities, no-go trials would elicit a larger N2 at 
frontal scalp site (Ford et al., 1979; Kok, 1986). Czigler et al. 
(1996) extended this result by showing that low-probability 
stimuli elicited a larger N2 and the probability effect on the 
N2 was much larger in the no-go trial than the go trial at 
the fronto-central scalp site. Bruin and Wijers (2002) further 
showed that as the probability of no-go stimuli decreased, 
the N2 elicited by these events increased in amplitude. In 
the present study, repeated word stimuli (the second presen- 
tation) were low-probability non-targets. The enhanced N200 
effect elicited by these repeated words may possibly be iden- 
tified with the larger no-go N2 effect in the above-mentioned 
oddball paradigm. If this is the case, the N200 may reflect a 
more general cognitive mechanism as opposed to specific mor- 
phological processing. According to the topographical voltage 
maps, the delayed N200 effect showed a more anterior distri- 
bution compared with the N200 effect, possibly reflecting some 
processes related to novelty detection as the pseudo-words in the 
Constituent condition were unfamiliar items or novel to some 
degree. 

Although pseudo-words are not associated with pre-existing 
semantic representations, word-like pseudo-words may partially 
activate the semantic representations of their real-word lexical 
neighbors (Holcomb et al, 2002). Therefore, the pseudo-word 
primes in the Constituent condition may activate phonologi- 
cally/orthographically related words and consequently the seman- 
tic network, producing the repetition priming effect in N400. 
Statistical analysis of N400 showed that the priming effect size was 
comparable across the Constituent repetition condition and the 
Whole Word repetition condition, suggesting that the N400 effects 
reflected primarily morpheme-related processing. Note that the 
Constituent condition seems to involve more extensive semantic 
processing as shown by the prolonged N400 in this condition, 
compared with the Whole Word condition. In the literature, N400 
has been shown to be modulated by morphologically related pairs 
and the effect size (amount of amplitude reduction) is depen- 
dent on the strength of the relation (Dominguez et al, 2004; 
Lavric et al., 2007). The present finding that N400 is associated 
with morphological processing is consistent with such previous 
results. 

One more general question about morphology is whether it is a 
discrete and independent element of lexical structure or it simply 
emerges from the convergence of form and meaning. In an fMRI 
study of morphological processing in English, brain regions sen- 
sitive to morphological structure overlapped almost entirely with 
regions sensitive to orthographic (left occipito-temporal cortex) 
and semantic relatedness (left middle temporal gyrus), suggest- 
ing that morphology emerges from the convergence of form and 
meaning (Devlin et al., 2004). Therefore, morphology may not be 
limited to morphemes as "minimal meaning bearing units" and 
morphological structure may also exist within the orthographic 
level of representation (Longtin et al, 2003; Rastle et al., 2004). 
In light of this view, the N200 effect likely reflects morphologi- 
cal processing at the orthographic level, given that it occurs early 
and it can be modulated by orthographic overlap (Zhang et al., 
2012). 



Frontiers in Human Neuroscience 



www.frontiersin.org 



September 2013 | Volume 7 | Article 601 | 6 



Du et al. 



Morphological processing for compound words 



CONCLUSION 

In this study, the electrophysiological correlates of morphological 
processing in Chinese compound reading were investigated with 
a delayed repetition priming paradigm. Two ERP components 
including N200 and N400 showed repetition effects that survived 
across long lags and were interpreted to index morphological pro- 
cessing. There is a possibility that the N200 and its delayed effects 



reflect general cognitive processing (i.e., low-probability stimulus 
detection), which needs further testing by manipulating stimulus 
probability. 

ACKNOWLEDGMENTS 

This research was supported by a grant from National Nature 
Science Foundation of China (NSFC #31100815). 



REFERENCES 

Alegre, M., and Gordon, P. (1999). 
Frequency effects and the repre- 
sentational status of regular inflec- 
tions. /. Mem. Lang. 40, 41-61. doi: 
10. 1006/jmla. 1998.2607 

Baayen, R. H., Dijkstra, T., and 
Schreuder, R. (1997). Singulars 
and plurals in Dutch: evidence 
for a parallel dual-route model. 
/. Mem. Lang. 37, 94-117. doi: 
10.1006/jmla.l997.2509 

Badecker, W. (2007). Processing com- 
pound words: an introduction to 
the issues. Brain Lang. 103, 16-17. 
doi: 10.1016/j.bandl.2007.07.008 

Bentin, S., and Feldman, L. B. (1990). 
The contribution of morphological 
and semantic relatedness to repe- 
tition priming at short and long 
lags: evidence from Hebrew. Q. 
/. Exp. Psychol. 42, 693-711. doi: 
10.1080/14640749008401245 

Bozic, M., Marslen -Wilson, W. 
D., Stamatakis, E. A., Davis, 
M. H., and Tyler, L. K. (2007). 
Differentiating morphology, form, 
and meaning: neural correlates of 
morphological complexity. /. Cogn. 
Neurosci. 19, 1464-1475. doi: 
10.1162/jocn.2007.19.9.1464 

Bruin, K. J., and Wijers, A. A. (2002). 
Inhibition, response mode, and 
stimulus probability: a comparative 
event-related potential study. Clin. 
Neuraphysiol 113, 1172-1182. doi: 
10.1016/S1388-2457(02)00141-4 

Butterworth, B. (1983). "Lexical repre- 
sentation," in Language Production, 
ed B. Butterworth (San Diego, CA: 
Academic Press), 257-294. 

Bybee, J. (1995). Regular mor- 
phology and the lexicon. Lang. 
Cogn. Process. 10, 425-455. doi: 
10.1080/016909695084071 1 1 

Caramazza, A., Laudanna, A., and 
Romani, C. (1988). Lexical access 
and inflectional morphology. 
Cognition 28, 297-332. doi: 
10.1016/0010-0277(88)90017-0 

Chen, T M., and Chen, J. Y. (2006). 
Morphological encoding in 
the production of compound 
words in Mandarin Chinese. 
/. Mem. Lang. 54, 491-514. doi: 
10.1016/j.jml.2005.01.002 

Chiarelli, V., El Yagoubi, R., Mondini, 
S., Danieli, M., Perrone, G., 



and Semenza, C. (2007). The 
electrophysiological correlates 
of Noun-Noun compounds. 
Brain Lang. 103, 248-249. doi: 
10.1016/j.bandl.2007.07.010 

Chung, K. K. LL, Tong, X., Liu, 
P. D., McBride-Chang, C, and 
Meng, X. (2010). The processing of 
morphological structure informa- 
tion in Chinese coordinative com- 
pounds: an event-related potential 
study. Brain Res. 1352, 157-166. doi: 
10.1016/j.brainres.2010.06.069 

Czigler, I., Csibra, G., and Ambro, 
A. (1996). Aging, stimulus iden- 
tification and the effect of prob- 
ability: an event-related potential 
study. Biol. Psychol. 43, 27-40. doi: 
10.1016/0301-0511(95)05173-2 

Devlin, J. T, Jamison, H. L., Matthews, 
P. M., and Gonnerman, L. M. 
(2004). Morphology and the inter- 
nal structure of words. Proc. Natl 
Acad. Sci. U.S.A. 101, 14984-14988. 
doi: 10.1073/pnas.0403766101 

Dommguez, A., de Vega, M., 
and Barber, H. (2004) . Event 
related potentials elicited by 
morphological, homographic 
and semantic priming. /. Cogn. 
Neurosci. 16, 598-608. doi: 
10.1162/089892904323057326 

Fiorentino, R., and Poeppel, D. (2007). 
Processing of compound words: an 
MEG study. Brain Lang. 103, 18-19. 
doi: 10.1016/j.bandl.2007.07.009 

Folstein, J. R., and Van Petten, C. 
(2008). Influence of cognitive con- 
trol and mismatch on the N2 
component of the ERP: a review. 
Psychophysiology 45, 152-170. doi: 
10.1111/j.l469-8986.2007.00602.x 

Ford, J. M., Roth, W. T., Mohs, R. C, 
Hopkins, W. R, and Kopell, B. S. 
(1979). Event-related potentials 
recorded from young and old 
adults during a memory retrieval 
task. Electroencephalogr. Clin. 
Neurophysiol. 47, 450-459. doi: 
10.1016/0013-4694(79)90161-5 

Gauthier, I. (2000). Visual priming: 
the ups and downs of familiar- 
ity. Curr. Biol. 10, 753-756. doi: 
10.1016/S0960-9822(00)00738-7 

Henson, R. N. A., and Rugg, M. 
D. (2003). Neural response sup- 
pression, haemodynamic repetition 
effects, and behavioral priming. 



Neuropsychologia 41, 263-270. doi: 
10.1016/S0028-3932(02)00159-8 

Holcomb, P. J., Grainger, J., and 
O'Rourke, T. (2002). An electro- 
physiological study of the effects 
of orthographic neighborhood 
size on printed word perception. 
/. Cogn. Neurosci. 14, 938-950. doi: 
10.1162/089892902760191153 

Isel, F., Gunter, T. C, and Friederici, A. 

D. (2003). Prosody-assisted head- 
driven access to spoken German 
compounds. /. Exp. Psychol. Learn. 
Mem. Cogn. 29, 277-288. doi: 
10.1037/0278-7393.29.2.277 

Jamal, N. I., Piche, A. W., Napoliello, 

E. M., Perfetti, C. A., and Eden, G. 

F. (2011). Neural basis of single- 
word reading in Spanish-English 
bilinguals. Hum. Brain Mapp. 33, 
235-245. doi: 10.1002/hbm.21208 

Ji, H., Gagne, C. L., and Spalding, 
T. L. (2011). Benefits and costs 
of lexical decomposition and 
semantic integration during the 
processing of transparent and 
opaque English compounds. 
/. Mem. Lang. 65, 406-430. doi: 
10.1016/j.jml.2011.07.003 

Jia, X., Wang, S., Zhang, B., and Zhang, 
J. X. (2013). Electrophysiological 
evidence for relation infor- 
mation activation in Chinese 
compound word comprehension. 
Neuropsychologia 51, 1296-1301. 
doi: 10. 10 16/j. neuropsychologia. 
2013.03.024 

Koester, D., Gunter, T, Wagner, 
S., and Friederici, A. (2004). 
Morphosyntax, prosody, and 
linking elements: the audi- 
tory processing of German 
nominal compounds. /. Cogn. 
Neurosci. 16, 1647-1668. doi: 
10.1162/0898929042568541 

Kok, A. (1986). Effects of degrada- 
tion of visual stimulation on com- 
ponents of the event-related poten- 
tial (ERP) in go/nogo reaction 
tasks. Biol. Psychol 23, 21-38. doi: 
10.1016/0301-0511(86)90087-6 

Kutas, M., and Federmeier, K. D. 
(2011). Thirty years and counting: 
finding meaning in the N400 com- 
ponent of the event-related brain 
potential (ERP). Annu. Rev. Psychol. 
62, 621-647. doi: 10.1146/annurev. 
psych.093008. 131123 



Lavric, A., Clapp, K., and Rastle, 
K. (2007). ERP evidence of mor- 
phological analysis from orthog- 
raphy: a masked priming study. 
/. Cogn. Neurosci. 19, 866-877. doi: 
10.1162/jocn.2007.19.5.866 

Libben, G. (1998). Semantic trans- 
parency in the processing of 
compounds: consequences for 
representation, processing, and 
impairment. Brain Lang. 61, 30-44. 
doi: 10.1006/brln.l997.1876 

Libben, G., Derwing, B. L., and de 
Almeida, R. G. (1999). Ambiguous 
novel compounds and mod- 
els of morphological parsing. 
Brain Lang. 68, 378-386. doi: 
10.1006/brln.l999.2093 

Libben, G., and Jarema, G. (2004). 
Conceptions and questions 
concerning morphological pro- 
cessing. Brain Lang. 90, 2-8. doi: 
10.1016/j.bandl.2003.12.005 

Liu, Y., and Peng, D. L. (1997). 
"Meaning access of Chinese com- 
pounds and its time course" in 
Cognitive Processing of Chinese and 
Related Asian Languages, ed H.-C. 
Chen (Hong Kong: The Chinese 
University Press), 219-232. 

Longtin, C.-M., Segui, J., and Halle, 
P. A. ( 2003 ) . Morphological 
priming without morpholog- 
ical relationship. Lang. Cogn. 
Process. 18, 313-334. doi: 
10.1080/01690960244000036 

McKinnon, R., Allen, M., 
and Osterhout, L. (2003). 
Morphological decomposition 
involving non-productive mor- 
phemes: ERP evidence. Neuroreport 
14, 883-886. doi: 10.1097/00001 
756-200305060-00022 

Miceli, C, and Caramazza, A. (1988). 
Dissociation of inflectional 
and derivational morphology. 
Brain Lang. 35, 24-65. doi: 
10.1016/0093-934X(88)90100-9 

Napps, S. E. (1989). Morphemic rela- 
tionships in the lexicon: are they dis- 
tinct from semantic and formal rela- 
tionships? Mem. Cogn. 17, 729-739. 
doi: 10.3758/BF03202634 

Oldfield, R. C. (1971). The assessment 
and analysis of handedness: 
the Edinburgh inventory. 
Neuropsychologia 9, 97-113. doi: 
10.1016/0028-3932(71)90067-4 



Frontiers in Human Neuroscience 



www.frontiersin.org 



September 2013 | Volume 7 | Article 601 | 7 



Du etal. 



Morphological processing for compound words 



Penke, M., Weyerts, H., Gross, M., 
Zander, E., Munte, T. F., and 
Clahsen, H. (1997). How the 
brain processes complex words: 
an event-related potential study 
of German verb inflections. Cogn. 
Brain Res. 6, 37-52. doi: 10.1016/ 
S0926-6410(97)00012-8 

Portin, M., Lehtonen, M., Harrer, G, 
Wande, E., Niemi, J., and Laine, 
M. (2008). LI effects on the pro- 
cessing of inflected nouns in L2. 
Acta Psychol. 128, 452-465. doi: 
10.1016/j.actpsy.2007.07.003 

Price, C. J., Wise, R. J. S., and 
Frackowiak, R. S. J. (1996). 
Demonstrating the implicit pro- 
cessing of visually presented words 
and pseudo-words. Cereb. Cortex 6, 
62-70. doi: 10.1093/cercor/6.1.62 

Rastle, K., Davis, M. H., and New, 
B. (2004). The broth in my 
brother's brothel: morpho- 
orthographic segmentation in 
visual word recognition. Psychon. 
Bull. Rev. 11, 1090-1098. doi: 
10.3758/BF03196742 

Rodriguez-Fornells, A., Clahsen, H., 
Lleo, C, Zaake, W., and Munte, 
T. F. (2001). Event-related brain 
responses to morphological vio- 
lations in Catalan. Cogn. Brain 
Res. 11, 47-58. doi: 10.1016/S0926- 
6410(00)00063-X 

Schacter, D. L., Wig, G. S., and 
Stevens, W. D. (2007). Reductions 



Frontiers in Human Neuroscience 



in cortical activity during priming. 
Curr. Opin. Neurobiol. 17, 171-176. 
doi: 10.1016/j.conb.2007.02.001 
Schreuder, R., and Baayen, R. 
H. (1995). "Modeling mor- 
phological processing," in 
Morphological Aspects of Language 
Processing, ed L. B. Feldman 
(Hillsdale, NJ: Erlbaum), 
131-154. 

Segaert, K., Weber, K., de Lange, F. P., 
Petersson, K. M., and Hagoort, P. 
(2013). The suppression of repeti- 
tion enhancement: a review of fMRI 
studies. Neuropsychologia 51, 59-66. 
doi: 10. 1016/j. neuropsychologia. 
2012.11.006 

Semlitsch, H. V., Anderer, P., Schuster, 
P., and Presslich, O. (1986). A solu- 
tion for reliable and valid reduc- 
tion of ocular artifacts applied 
to the P300 ERP. Psychophysiology 
23, 695-703. doi: 10. 1 1 1 1469- 
8986.1986.tb00696.x 

Taft, M., and Forster, K. (1975). Lexical 
storage and retrieval of prefixed 
words. /. Verb. Learn. Verb. Behav. 
14, 638-647. doi: 10.1016/S0022- 
5371(75)80051-X 

Vartiainen, J., Aggujaro, S., Lehtonen, 
M., Hulten, A, Laine, M., and 
Salmelin, R. (2009). Neural 
dynamics of reading mor- 
phologically complex words. 
Neuroimage 47, 2064-2072. doi: 
10.1016/j.neuroimage.2009.06.002 



Vergara-Martinez, M., Dunabeitia, J. 
A., Laka, I., and Carreirasa, M. 
(2009). ERP correlates of inhibitory 
and facilitative effects of constituent 
frequency in compound word read- 
ing. Brain Res. 1257, 53-64. 

Zhang, B. Y., and Peng, D. L. 
(1992). "Decomposed stor- 
age in the Chinese lexicon," in 
Language Processing in Chinese, 
eds H.-C. Chen and O. T. L. Tzeng 
(Amsterdam: North-Holland), 
131-149. 

Zhang, J. X., Fang, Z., Du, Y. C, 
Kong, L. Y, and Zhang, Q. (2012). 
The centro-parietal N200: an event- 
related potential component spe- 
cific to Chinese visual word recogni- 
tion. Chin. Sci. Bull. 57, 1516-1532. 
doi: 10.1007/sll434-011-4932-y 

Zhang, J. X., Zhuang, J., Ma, L. F, 
Yu, W., Peng, D. L., Ding, G. S., 
et al. (2004). Semantic process- 
ing of Chinese in left inferior 
prefrontal cortex studied with 
reversible words. Neuroimage 
23, 975-982. doi: 10.1016/;. 
neuroimage.2004.07.008 

Zhou, X., and Marslen-Wilson, W. 
(1994). Words, morphemes and syl- 
lables in the Chinese mental lexicon. 
Lang. Cogn. Process. 9, 393-422. doi: 
10.1080/01690969408402125 

Zwitserlood, P., Bolte, J., and Dohmes, 
P. (2002). Where and how mor- 
phologically complex words 



interplay with naming pictures? 
Brain Lang. 81, 358-367. doi: 
10.1006/brln.2001.2530 



Conflict of Interest Statement: The 

authors declare that the research 
was conducted in the absence of any 
commercial or financial relationships 
that could be construed as a potential 
conflict of interest. 

Received: 30 April 2013; accepted: 04 
September 2013; published online: 24 
September 2013. 

Citation: Du Y, Hu W, Fang Z and 
Zhang JX (2013) Electrophysiological 
correlates of morphological processing 
in Chinese compound word recogni- 
tion. Front. Hum. Neurosci. 7:601. doi: 
10.3389/fnhum.2013.00601 
This article was submitted to the journal 
Frontiers in Human Neuroscience. 
Copyright © 2013 Du, Hu, Fang and 
Zhang. This is an open-access article dis- 
tributed under the terms of the Creative 
Commons Attribution License (CC BY). 
The use, distribution or reproduction in 
other forums is permitted, provided the 
original author(s) or licensor are cred- 
ited and that the original publication 
in this journal is cited, in accordance 
with accepted academic practice. No use, 
distribution or reproduction is permit- 
ted which does not comply with these 
terms. 



www.frontiersin.org September 2013 | Volume 7 | Article 601 | 8 



